Abstract
Introduction
Stabilization of roadway subgrade soils is commonly used to increase subgrade stiffness and strength. The stabilized soil (SS) layer is considered a structural component of the pavement system whereby strength and modulus are important performance-related design parameters (e.g., MEPDG 2007) . Figure 1 presents an instance of field application of lime and in-situ processing for soil stabilization. As the pavement geotechnics community moves towards improved quality assessment, including measurement of performance related parameters, the assessment of SS presents a number of challenges. Strength and stiffness development in SS stems from chemical reactions that continue over months (e.g., Boardman et al. 2001) , and design is typically predicated on 28-day modulus and strength. However, efficient construction often requires the evaluation of acceptance after 5-7 days.
Current field practice typically evaluates performance with respect to in-situ moisture and density measurements. This does not effectively indicate values of strength or modulus, establishing as a great disconnect from design parameters and performance evaluation. Laboratory evaluation involves unconfined compressive strength (UCS) testing on field-cored or remolded cylinders. A resilient modulus is determined for cylinders following 28-days of curing, prior to UCS testing. While there are established correlations between resilient modulus and Young's modulus, the specific relationship has been shown to vary. Regardless, resilient modulus is not a design parameter. The disconnect between lab and field parameter measurements for performance evaluation does not permit a direct comparison or provide measurement of the pavement construction's true performance.
There is a need to effectively measure design strength and modulus in both laboratory and field environments. Seismic wave based testing offers considerable potential for quality assessment of SS. Surface wave analysis has been used to assess low-strain or seismic modulus of cement-stabilized soils in the field (Ryden et al. 2006 ) while travel-time analysis and free-free resonance (FFR) testing has been used to estimate seismic modulus of laboratory specimens (Nazarian et al. 2002 , Ryden et al. 2006 , Ǻhnberg 2008 , Hillbrich et al. 2007 ). Lab and field seismic moduli are directly related (Nazarian et al. 2002 , Ryden et al. 2006 ). Seismic testing is nondestructive and can be applied during early field and lab curing. Ryden (2006) and Ǻhnberg (2008) explored FFR-based modulus characterization of cementtreated and lime-treated soils. This paper presents seismic testing protocol and results which indicate its effectiveness as a combined quality management technique.
Conceptual Overview
Seismic analysis can be effectively performed in both lab and field environments to measure a low-strain (seismic) modulus. While the conceptual background and data analysis techniques are similar for lab and field application, the basic equipment and testing procedures do vary. Laboratory testing employs the FFR test. Field testing uses a multi-analysis surface wave (MASW) technique. Test setups for both lab and field applications are show in Figure 2 . This section describes the individual testing protocols and the conceptual fashion in which these analyses can be used in tandem to accurately and efficiently assess construction performance. In the lab, FFR testing is performed with the stabilized soil cylinders lying horizontally on a sheet of foam. On a daily basis, specimens are subject to longitudinal excitation, to measure resonant frequencies associated with compressive wave propagation. To ensure accurate and representative results, each test consists of impacting the specimen 5 times. A fast-Fourier transform (FFT) is performed on each vibration time-history response and the average resonant frequency is determined from the 5 records.
FFR testing involves the measurement of a specimen's natural frequency of free vibration. Knowing the specimen's mass density (  ) and length ( L ) permits the calculation of a low-strain (seismic) Young's (E) modulus from the resonant frequencies measured during longitudinal ( rp f ) excitation. E can be determined using Equation 1 (Nazarian 1999) where p V is the wave velocities.
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Since both techniques measure the same low-strain seismic modulus, their results are directly comparable. A direct comparison enables lab and field testing to be used in tandem for an accurate and efficient construction management technique. Prior to construction, daily FFR lab testing permits the establishment of a soil-specific modulus growth curve for the entire 28 day curing duration (Figure 3 ). Field testing with MASW a few days following construction completion can be directly compared to the modulus growth curve established in the lab (Figure 4 ). As shown in Figure 4 , acceptance can be determined based upon comparison of the pre-determined lab modulus value and the in-situ field value measured for a given day. Field measurements are indicated in Figure 4 by open circles. Acceptance requires that field measurements lie above the pre-determined modulus growth curve. Measurements falling below the curve indicate performance failure. In addition to modulus, unconfined compressive strength q u also serves as a performance-based parameter for LSS pavement layers. Both 28-day and 7-day q u values are of interest for long term performance assessment and short term constructability, e.g., construction trafficability. The direct assessment of q u traditionally requires compression testing of LSS specimens either remolded from field-mixed soil and cured or directly cored from the constructed layer. Similar to modulus, there is a need to predict 28-day q u from early curing data.
The observed relationship between E and q u for both soils is shown in Figure 6 . For the two soils, unconfined compression testing was performed (per ASTM D5102) on the 100 mm diameter by 200 mm tall specimens following 3, 6, 7, and 14 day curing (3 specimens each day) and 28 day curing (5 specimens). The data in Figure 6 reflects the averages of the 3 or 5 specimens accordingly. The data in Figure 6 indicates that the proportionality of E and q u does not change during curing, at least beyond the initial 3 days. Each soil exhibits relatively linear E and q u relationships with curing time. The proportionality of E and q u is somewhat soil dependent, i.e., see the regression-estimated slopes in Figure 6 . However, when plotted together, one regression equation provides a reasonable estimate for each of the soils. These results suggest that E provides an acceptable predictor for q u . And because the proportionality of E and q u is constant with curing time, early day E data would provide a reasonable estimate of 28-day q u . 

Conclusions
Current pavement design practice for stabilized soils specifies a 28-day modulus and stiffness value. There is a need to evaluate performance after 5 to 7 days to ensure efficient constructability. There is a large disconnect between quality management programs not only for design and construction, but between lab and field evaluations during construction. The true performance of the pavement construction is not being assessed with respect to design parameters. Lab and field performance assessments are based on different parameters and thus do not permit a direct comparison. Seismic testing can measure a low-strain (seismic) modulus in both lab and field environments. There is evidence to suggest a strong correlation between seismic modulus and unconfined compressive strength. Seismic modulus has the potential to bridge the gaps encountered in current quality management programs for stabilized soils.
